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INTRODUCTION 
For over one hundred years biological scientists have 
been investigating the metabolism, storage, and excretion of 
carbohydrates in the body. Exactly forty years ago the dis­
covery of insulin served as the catalyst for the vast amount 
of interest that has been shown in the area of carbohydrate 
metabolism. On the other hand, the use of mathematical 
models and computers in the analysis of biological systems 
has only recently become feasible. 
The review of literature presented in this dissertation 
was confined to the early work in the area of carbohydrate 
metabolism, the modern theories of blood glucose regulation, 
and the use of mathematical models in physiology. A glucose 
oxidase method for determining glucose concentrations in 
biological fluids was examined. Certain facets of glucose 
uptake by rat fat tissue were investigated. The coefficients 
Jof a normalized mathematical model of blood glucose regula-
- tion, using the dog as an-experimental animal, were evalu­
ated. A multi-compartment model covering some of the aspects 
of the complex problem of carbohydrate balance in the dog was 
formulated. 
REVIEW OF LITERATURE 
Early Investigations on Blood Glucose Regulation 
Claude Bernard (l) in 1849 during the course of his work 
on glycogen discovered that damage to certain areas in the 
central nervous system causes an outpouring of sugar in the 
urine, an event which he.thought occurred as a consequence of 
a rise in blood sugar. In 1889 von Mering and Minkowski (2) 
discovered that complete removal of the pancreas from dogs is 
followed by symptoms which closely resembled those observed 
in human diabetes mellitus. Early investigators established 
the theory that the pancreas elaborated an internal secretion 
which controls carbohydrate metabolism (3, 4). 
By 1921 methods for measuring blood glucose and urinary 
glucose based on the reducing action of sugars were avail­
able. The concept of renal threshold advanced by Claude 
Bernard had been quantitatively measured. Moreover, the 
sources of blood glucose were cited as absorption from the 
intestine, glycogenolysis in the liver, and gluconeogenesis 
(from amino acids and possibly fat). In addition to this, 
it was stated that glucose disappears from the blood because 
it is oxidized in the tissues, excreted by the kidney, formed 
into glycogen, and converted into fat (5). 
Banting and Best (6) received the Nobel prize for their 
work which included the preparation of an active pancreatic 
extract. This contained insulin, the name for the internal 
secretion of the pancreas proposed by de Meyer in 1909 (7). 
By 1924 conditions which produced hyper- and hypo­
glycemia not related to.insulin levels had been noted (8). 
Also, differences between the action of insulin on fasted and 
nonfàsted animals were thought to be due to the amount of 
glycogen stored in the liver (9). In 1926 the use of the 
glucose tolerance test in the diagnosis of diabetes was sug­
gested (10). Abel, the father of pharmacology in the United 
States, along with his co-workers (ll), isolated crystalline 
insulin. 
By 1927 it had been noted that blood glucose disappeared 
faster after insulin injection in the eviscerated animal and 
that muscle glycogen was also increased. It had also been 
noted that insulin caused an increase in the rate of glucose 
disappearance in the isolated perfused limb (12). In the 
same year current theories about phlorhizin diabetes were 
reviewed (13). The concepts about the mechanism of 
phlorhizin at this time were for the most part erroneous. 
In 1929 Cannon (14) discussed the homeostatic regulation 
of several of the body constituents, including blood sugar. 
His scheme for blood glucose regulation presupposed the liver 
to be the central storage depot. Insulin acted by increasing 
the storage of carbohydrates, while epinephrine caused the 
release of carbohydrates into the blood stream. Cannon 
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indicated that the release of epinephrine and insulin are, 
in turn, controlled by the level of the glucose in the blood. 
In 1931'Cori (15) suggested that, since the blood sugar 
remains constant, there must exist a regulatory mechanism 
which is set in motion whenever the blood sugar ranges much 
below or much above normal. He further suggested that insu­
lin may inhibit the enzymatic hydrolysis of glycogen in the 
liver. Cori, however, did admit that the fall in liver gly­
cogen after insulin injection might be of a secondary nature. 
It was also established at this time that epinephrine causes 
a release of liver glycogen. It had also been accepted that, 
although muscles store glycogen, they cannot contribute to 
the maintenance of blood glucose in the post-absorptive state 
as the liver can. By this time transplantation experiments 
and cross perfusion experiments had shown that nervous connec­
tions with the pancreas were not necessary for regulation of 
blood glucose. Epinephrine release from the adrenal medulla 
during severe hypoglycemia had been studied. It had also 
been noted that there is not so much arterial-venous glucose 
difference in diabetics as there is in normal subjects. From 
this, Cori concluded that insulin has a peripheral point of 
attack, mainly in the muscles. 
By 1934 the role of phlorhizin on renal excretion of 
glucose was understood with only a few investigators main­
taining a mechanism of action different from our modern 
concepts (l6). Jensen and Evans (17) In the same year re­
viewed the chemistry of insulin as studies up to thiL, time 
had revealed it. 
. By 1936 the interrelationship between galactose, fruc­
tose, glucose, and glycogen in the body had been noted. It 
had also been shown that the former two sugars are capable of 
stimulating the production of insulin but are not so potent 
as glucose in this respect (18). 
The interrelationships between blood sugar, metabolism, • 
and the various endocrine glands were discussed in 1936 by 
Houssay (19-22) in an excellent series of articles. In these 
articles he referred to his own work which had shown that 
hypophysectomized animals have an increased sensitivity to 
insulin. 
In 1937 and 1938 Soskin and.his co-workers (23, 24) per­
formed a series of experiments which they believed estab­
lished the liver as the primary organ necessary for the regu­
lation of blood glucose. 
A review by Russell (25) in 1938 indicated the effects 
of anterior pituitary extracts and removal of the gland were 
not well understood at that time. It was noted, however, that 
the adrenal cortex has some effect on carbohydrate metabolism 
( 26 ) .  
By 1941 the views of Soskin (27) had received support, 
and he stated that the secretion of insulin was not essential 
6 
to the primary hepatic regulation of blood sugar. 
In 1944 Haist (28) reviewed the factors affecting the 
insulin content of the pancreas. Decreases had been noted 
after pituitary extract administration, fasting, fat feeding, 
and insulin administration. 
By 1945 alloxan had been used as a method for producing 
experimental diabetes (29, 30). 
A review published in 1948 indicated that the relation­
ship between the adrenocorticotropic hormone and the adrenal-
cortical hormones was known and that some workers had ques­
tioned the validity of the concept that the liver plays an 
all-important role in the regulation of blood glucose (31). 
Bouckaert and De Duve (32) discussed the possibility of 
a linear relationship between glucose utilization and blood 
glucose levels. They also suggested that insulin might act 
by stimulating a specific enzymatic system. Furthermore, 
they were much concerned about the hyperglycemic factor con­
tained in insulin used for experimental purposes as well as 
clinical treatment (32). 
Lewis (33) reviewed the attempts to prolong the action 
of insulin and the attempts to obtain substitutes for insu­
lin. The latter had not been successfully achieved at that 
time. 
At the close of the first 100 years of scientific in­
quiry into the physiology of carbohydrate metabolism, 
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Luzarow (34) reviewed the factors controlling the progression 
of diabetes. The presence of a hyperglycemic factor in the 
pancreas, now known as glucagon, was receiving considerable 
attention at this time. 
Modern Theories of Blood Glucose Regulation 
The present degree of understanding of blood glucose 
regulation is well illustrated by the two passages from 
Turner (35)- First, he says on page l80, "The blood sugar 
levels are held relatively constant by a regulatory system 
that depends largely upon the synthesis and storage of 
glycogen by the liver." Then, nine pages later he states, 
"The blood sugar level is controlled by insulin and, recip­
rocally, the output of insulin by the pancreas is conditioned 
by the blood sugar levels." 
The idea that the liver is the principal organ concerned 
in maintaining the normal blood sugar stems from the early 
work of Soskin (23, 24). These studies have led to the in­
vestigation of a controversial subject, the hepatic action of 
insulin. There appears to be general agreement on the fact 
that insulin corrects disturbances in liver metabolism during 
states of malfunction, but it is not known with certainty 
whether the action is essentially a direct or an indirect one. 
De Duve (36) is one of the principal advocates of sig­
nificant direct action, and he reported in studies with 
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glueagon-free insulin that a considerable part of the dis--
appearance of glucose affected by the .hormone was attrib­
utable to an increased uptake and that conversion of glucose 
in the liver is comparable with that which occurs in the 
peripheral tissues. The work of Madison et al. (37) sup­
ported the view of De Duve. 
Levine (a former co-worker of Soskin) and Fritz (38) 
were unable to show any action of insulin on isolated liver 
and, therefore, concluded that any interrelationship is 
either indirect or mediated through the pituitary or some 
hypothetical substance from a peripheral tissue. They also 
indicated the speed with which the body corrects for in­
creased glucose tends to indicate, that insulin secretion, and 
not a liver function, must be the primary regulating mechan­
ism. 
Mahler et al. (39) have presented considerable evidence 
which supports a concept of an indirect effect of insulin on 
the liver. 
The data of Shoemaker et al. (40, 4l) indicated that in­
sulin failed to alter glucose output of the liver. 
Van Itallie and Bergen (42) attempted to show that in­
creased hepatic output of glucose alone is neither a practi­
cal nor a feasible way to maintain integrity of blood sugar. 
They also cited evidence that at blood concentrations of 150 
milligrams per cent the liver continues to release glucose 
into the blood. » 
Lang et al. (43) have reported evidence indicating the 
production by the liver of a humoral-factor that stimulates 
peripheral glucose utilization. 
Another function of the liver has been suggested by 
Egdahl and Goldberg (44) who have provided evidence that the 
liver may help to regulate glucose metabolism by trapping and 
then releasing insulin. 
Gemmil (45) in 1940. showed that insulin has a stimula­
tory effect on carbohydrate metabolism in the isolated rat 
diaphragm. In 1950 Le vine et al. (46) provided, evidence in­
dicating that insulin acts by accelerating the transfer of 
sugar across cell membranes. Butterfield and Hailing (47) 
observed a raised threshold for glucose in peripheral tissues 
of diabetics; they also found that, when the threshold was • 
exceeded, glucose utilization proceeded normally. They 
stated that the threshold is reduced by the administration of 
insulin. 
Drury and Wick (48) have suggested that any increase in 
oxidation of glucose is merely secondary to an increased con­
centration in the cell. Ball and Barrentt (49) suggested 
that the transport of glucose across the cell wall may be 
accomplished by pinocytosis. Park and Morgan (50) have 
shown very clearly that the transportation process involves 
a physico-chemical combination with some cell membrane 
10 
component and that the transportation product is•not a 
phosphôrylated compound; and they have provided evidence that 
insulin accelerates the transport. Gordon (51, p. 164) in 
i960 stated that -virtually all workers now accept the theory 
that insulin facilitates the transfer of hexoses across the 
cell membrane. 
It has been assumed that glucose, once inside the cell, 
is phosphorylated in the diabetic as in the normal subject by 
hexokinase reaction; and the conversion to glycogen, pyruvate, 
lactate, and other 3-carbon fragments or synthesis into fatty 
acids can occur. However, Hall et al. (52) have•indicated 
that an impairment in this phosphorylation may be influenced 
by insulin. Cori (53) postulated the function of insulin to 
be simply the. abolishment of the inhibition of hexokinase by 
the pituitary and adrenal gland hormones. Zwelling (54) 
questioned Cori's theory on the basis of his findings which 
indicated hypoglycemia can be produced in the chick embryo 
with insulin before any of the glands are cytologically 
differentiated. 
It has been found that an increase in the glucagon con­
tent of the pancreas follows insulin treatment in animals 
(55). However, as pointed out by Foa (56), this finding can­
not be properly evaluated because of the lack of knowledge 
concerning the production and release of glucagon. 
Various investigators have supplied indirect evidence 
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that increased insulin is liberated in the presence of 
hyperglycemia (57, 58). Metz (59) was able to provide direct 
evidence of this concept in his investigations. 
Other hormones (growth hormone, adrenal steroids, 
glucagon, and epinephrine) have an effect on carbohydrate 
metabolism (60). With the exception of epinephrine, they 
play a permissive role in the regulation of blood glucose. 
That is, their rate of secretion does net alter with changes 
in blood sugar (6l). The theory that epinephrine may be re­
leased in response to hypoglycemia stems from the early work 
of Cannon et al. (62). It has been questioned, however, 
whether epinephrine plays a role in the regulation of blood 
glucose levels under truly physiological conditions when 
drastic, reductions in blood sugar do not occur (63). 
Until recently diabetes and a lack of insulin were con­
sidered the same. However, there is a severe histological 
decrease in the number of beta cells in only a minority of 
diabetic patients, mainly the younger ones. In fact, with 
the most sensitive of present techniques the pancreas of 25 
per cent of these patients show no significant pathological 
findings (64, 65). Mirsky and Brohkahn (66) demonstrated 
that rat liver extracts and rat liver slices both contain an 
insulin inactivating system (insulinase); in the light of the 
histological studies, the interesting possibility is raised 
that certain abnormalities might be caused by changes in 
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insulinase activity. Mirsky and Perlsuttl (67) have shown 
that the liver also contains an insulinase-inhibitor prep­
aration that effectively inhibits the destruction of insulin. 
In addition to this insulin antagonist, Field (68) has de­
tected a circulating insulin antagonist that does not seem 
to be a known hormone or insulinase but is a protein. Haist 
(69) stated that he feels that it is unlikely that diabetes 
is due basically to a primary reduction in insulin synthesis. 
As far as the action of insulin on peripheral tissues 
goes, one important feature seems to be the ability of the 
hormone to bind itself to these tissues. Stadie et al. (70) 
reported that this bound insulin is the active' form of in­
sulin. Haugaard and Marsh (71) have confirmed that this 
binding occurs in adipose tissue as well as in muscle. T.his 
opens up the possibility of_still another type of insulin 
antagonism which is neither insulinase nor that reported by 
Field. 
In i960 Stetten and Stetten (72) supplied evidence that 
the breakdown of glycogen and the route of synthesis are not 
the same. They stated that the breakdown is predominantly 
by the phosphorylase pathway, while the uridinediphospho-
glucose route is the major pathway of synthesis. 
From the clinical point of view, perhaps the significant 
achievement in the period from 19^9 to 1961 is the develop­
ment of oral hypoglycemic agents. These agents-have led to 
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attempts to develop methods for measuring insulin in body 
fluids (51, p. 164, 73). 
The work of Sanger and Tuppy (74), who determined the 
structure of insulin, was a significant chemical achievement 
and may, in the near future, lead to a better understanding 
of the physiological mechanism involved in the regulation of 
blood glucose. 
Mathematical Models of Biological Systems 
For some time mathematics and physics have been inter­
related disciplines. .However, only within the last three 
decades has there been any attempt to couple mathematics and 
the biological sciences. The idea of building mathematical 
models seems to have originated with Lotka (75). Rashevsky 
(76), founder of the Bulletin of Mathematical Biophysics, in 
his book Mathematical Biopnysics: Physico-mathematical 
Foundations of Biology treated such topics as mathematical 
theories of cell respiration, cell division, cell polarity, 
various aspects of neurophysiology such as reaction times, 
discrimination, thinking, aesthetic perception, abstraction, 
and learning. 
In 1948 Wiener (77) postulated that many of the physio­
logical processes of the body were controlled by mechanisms 
analogous to the electronic concept of feedback. Among the 
possible factors controlled by this type of mechanism, Wiener 
listed: nervous regulation of posture, body temperature, 
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leucocyte production, heart rate, blood pressure, sexual 
cycle, calcium metabolism, and, in general, all of the 
mechanisms of homeostasis. 
The use of mathematical models of biological systems 
involving differential equations, with or without" the aid 
of analog computers, was given encouragement by Chance et al. 
(78, 79) who in 1952 developed a set of differential equa­
tions dealing with the kinetics of catalase action. Their 
work showed that the results of programming these equations 
on an analog computer and the experimental results concerning 
the disappearance of the catalase-hydrogen peroxide complex 
were in close agreement. Yang (80) in 1955 and Chance et al. 
(8l) in 1962 have suggested further ways in which analog and 
digital computer representation of biochemical processes can 
be used to advantage. • 
v
-' . • ' • 
In 1954 Grodins et al. (82) developed a set of differ­
ential equations dealing with the dynamics of homeostatic 
respiratory regulation. Since then, several other reports 
offering different mathematical models of respiratory regula­
tion have been presented (83-85). 
Various phases of the complex cardiovascular system have 
been subjected to mathematical analysis with and without the 
aid of computers (86-88). 
Hardy (89) used differential equations in describing 
the regulation of the body temperature by sweating, 
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vasomotor action, and metabolic rate. 
Several mathematical models have been offered to simu­
late the changes in the various compartments of the body 
after administration of tracers (90-95). The work done at 
the research laboratories of the Upjohn Company (96, 97) is 
different from other reports in that the experiments were 
designed for computer simulation of the changes in various 
compartments of the body. The rate of absorption, the rate 
of renal excretion, the blood levels, and the rate of binding 
or storage in the kidney were investigated. Although the 
drug used was not metabolized, the authors concluded that a 
simple physiological model could be formulated and investi­
gated to advantage by use of differential equations and ana­
log, techniques. 
Another mathematical approach to physiological regula­
tion was reported by Stark and Cornsweet (98) who applied 
servomechanism techniques to studies of the pupillary re­
flex. 
Several of the endocrine systems have also been sub­
jected to mathematical investigation. Browne11 et al. (91) 
offered a mathematical model of the interrelationship of the 
thyroid and iodine. Danzinger and Elmergreen (99) reported 
a mathematical investigation of the thyroid pituitary homeo-
static mechanism. Roston (100) has presented mathematical 
models of the calcium, inorganic phosphate, and parathyroid 
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system; and of.the sodium, .water, aldosterone, and anti­
diuretic hormone complex; as well as having considered the 
thyroid-pituitary axis. 
The regulation of blood glucose has also been subjected 
to mathematical investigation. A mathematical treatment of • 
the interrelationship of glucose and insulin has been pre­
sented by Bolie (101, 102). The effect of an intravenous in­
jection of glucose received mathematical consideration by 
Ikkos and Luft (103, 104), while Wajchenberg et al. (105) 
presented a mathematical model for glueagon-induced hepatic 
glycogenolysis. 
By 1961 the field of mathematical models, accompanied 
by the use of computers in physiology, had generated suffi­
cient interest that the Federation of American Societies for 
Experimental Biology presented a symposium dealing with this 
subject. The papers presented there ranged from an intro­
duction to the principles of digital and analog computers to 
the specialized topic of computer simulation of neuron-like 
nets (IO6-IIO). 
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DETERMINATION OF GLUCOSE IN BIOLOGICAL FLUIDS 
In this investigation glucose levels in blood and other 
fluids were determined by a modification of the method de­
veloped by Keilin and Hartree (ill). This method utilizes 
an enzyme, glucose oxidase, and is reported to be more 
specific for glucose than the reduction methods that have 
been used for many years. Several variations in this method 
and different applications of it have been reported (112-
120). 
This method is based on the following simplified schemè 
of reactions : 
Glucose 
oxidase 
Glucose + 02 + H20 - HgOg + gluconic acid 
Peroxidase 
H202 + reduced chromogen HgO + oxidized chromogen 
A mixture of the two enzymes and oxygen acceptor is 
marketed in the U. S. A. under the proprietary name of 
"Glucostat" by the Worthington Biochemical Corporation, 
Freehold, New Jersey. 
Materials and Methods 
In accord with the work of Huggett and Nixon (ll'4), 
anticoagulation and inhibition of glycolysis were achieved • 
with a mixture of sodium fluoride and potassium oxalate, 
10 mg. and 30 mg., respectively, per l'.O ml. of blood. 
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Huggett and Nixon report a tenfold increase in the concentra­
tion of this mixture to be without effect on the reagents 
used. In addition, samples of blood or other fluids to be 
kept overnight were stored at 0° C. 
"Glucostat" was prepared for the micromethod as de­
scribed by others (119), except that a pH 7 phosphate buffer 
was used instead.of distilled water. To 2.0 ml. of HgO, 0.1 
ml. of blood or artificial serum (Krebs bicarbonate solution 
with glucose and gelatin) was added. To this, 1.0 ml. of 2.0 
per cent ZnSO^• 7^0 and 1.0 ml. of 1.8 per cent Ba(OH)g-8Hg0 
were added. This was mixed and centrifuged. Glucose stand­
ards and blanks were prepared in a similar manner. To 2.0 
ml. of the filtrate, 2.0 ml. of the "Glucostat" reagent were 
added. This was allowed to stand at room temperature for 60 
minutes. Then one drop of 6N HC1 was added to stop the re­
action and stabilize the color. The tubes were allowed to 
stand for 5 minutes, and then the- solutions were read at 400 
mu on a spectrophotometer. The blank was used to adjust the 
optical density reading to zero. 
Duplicate determinations were done on all samples and 
averaged. A maximum variation of .02 (optical density) for 
blood samples and .01 (optical density) for artificial serum 
samples was allowed. Pairs of readings with greater varia­
tion were discarded and a new pair of determinations re­
peated. 
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The concentration of glucose was calculated as follows : 
O.D.(unknown) „ „ , 
—~r-7—-—-—TT X Concentration( standard) = Concentration 
O.D.(standard) (unknown) 
Results and Discussion 
Influence of buffer on optical density.. 
The optical density on a set of glucose standards 
diluted to contain 25, 50, 75, 100, 125, and 150 milligrams 
per cent of glucose was determined using the above method. 
Similar determinations were made using the same method except 
that distilled water as indicated by Worthington Biochemical 
Corporation (119) was used instead of pH 7 buffer. 
The results of these procedures.are shown in figure 1. 
The buffered reagent gave linear results over the range 25 
to 150 milligrams per cent of glucose, while the optical 
density of the non-buffered reagent was nonlinear in samples 
containing more than 75 milligrams per cent glucose. 
Reproducibility 
Ten samples each of a 100 milligrams per cent glucose 
standard, dog blood, and a Krebs-bicarbonate solution with 
glucose and gelatin were used; the optical density of the 
first and the concentrations of glucose in the other two were 
determined. The results of this are shown in table 1. 
The smallness of the variation shown in table 1 confirms 
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the conclusions of other investigators that this can be used 
to determine the blood glucose level. Munck (120) has used 
this method for determination of glucose levels in Krebs-
bicarbonate with glucose and gelatin added. The results 
shown in table 1 confirm -the assumption of Munck that the 
contents of this solution do not interfere with the repro-~ 
ducibility of this method for determining glucose concentra­
tion. 
Effect of temperature 
With some preparations of this enzymatic reagent in­
hibition of color due to trace enzymes in samples that are-
incubated at higher temperatures over long periods of time 
has been reported (119). The results of optical density 
determinations on 100 milligrams per cent glucose samples 
incubated at room temperature (22° C.) and at 37° C. are 
shown in figure 2 and support these findings. 
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ADIPOSE TISSUE UPTAKE OF GLUCOSE . 
In 19.60 at the beginning of these studies it was hoped 
that blood insulin concentration could be measured with 
sufficient accuracy so that the change in blood levels of 
insulin could be determined repeatedly during an infusion of 
glucose or insulin. Preliminary investigation of various 
techniques indicated that none of the methods available were 
suitable for this purpose because of a lack of precision. A 
reliable and accurate method for the estimation of the insu­
lin concentration in the blood would certainly prove useful 
for the investigation of many problems involving carbohydrate 
metabolism.. Three recent reviews of this problem provide ex­
cellent discussion of the various methods that have been used 
for estimating the insulin concentration in blood. All these 
authors state that the methods presently available lack pre­
cision (73, 121, pp. 1-137, 122). 
One of the methods devised for measuring insulin plasma 
levels depends on the hypoglycemic effect of insulin in rats. 
The test animals used had been prepared in different ways to 
increase,their sensitivity. Gellhorn et al. (123) used 
hypophysectomized-adrenalectomized rats and found that 200 
microunits of insulin produced a small but significant lower­
ing of blood sugar in these animals. This method was im­
proved by giving the rats alloxan (124). The technical 
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difficulties involved in the preparation and maintenance of 
these animals were considerable. 
Another approach using isolated tissues has been tried. 
One of these methods depends on the fact that small amounts 
of insulin increase the conversion of glucose to glycogen in 
the isolated rat diaphragm. By controlling experimental con-
ditions this method can be used for estimation of plasma 
insulin-like activity (the sum of insulin and it's synergists 
and antagonists) (125-127). 
Another in vitro method having much greater sensitivity 
is based on increase utilization of glucose by rat epididymal 
fat pads. The uptake of glucose (128), the production of 
carbon dioxide (129), and the production of isotopic labeled 
carbon dioxide from labeled glucose (130) have been used as 
measures of this increased utilization. RenoId et al. (130, 
131) reported that adipose tissue is responsive to many sub­
stances at high concentrations, including some of the hor­
mones. However, they note that this preparation is sensitive 
to insulin at levels equal to, or less than, physiological 
concentrations. 
X. 
Still another assay is the.immunological method devel­
oped by Yalow and Berson (132). This is based on the pro­
duction of anti-serum to human insulin by the guinea pig and 
an electrophoretic separation of radioactive insulin to which 
the antibodies are bound. While the immunoassay is somewhat 
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more precise in experiments measuring human plasma insulin it 
necessitates some rather costly equipment not readily avail­
able. Furthermore, since the feasibility of measuring in­
sulin concentration in dog serum was one of the preliminary 
considerations of this investigation, the adaptation of the 
.immunoassay method to the measurement of insulin concentra­
tion in dog plasma would "require additional proof that dog 
insulin.does closely follow electrophoretically. the. behavior 
of human insulin. Moreover, the antibodies produced in the 
guinea pig by dog insulin, as compared to the antibodies. 
produced by human insulin, must have a similar binding• 
"capacity. 
All of these methods are very sensitive, especially when 
it is considered that crystalline insulin contains 24 units 
per milligram. Furthermore, the best estimates for the 
physiological range of insulin concentrations in the blood 
are from about 0.05 to 1.0 milliùnit per milliliter. With 
this small amount of insulin present in the blood, existing 
assays, all of which lack precision, are unsuitable for ex­
perimental use but have been applied to clinical situations 
(73, 121, pp. 1-137, 133). 
It .was felt that the use of adipose tissue as an 
in vitro preparation for studying factors affecting insulin 
antagonism and synergism might prove an interesting area of 
investigation. Many aspects of carbohydrate metabolism in 
adipose tissue have not yet been investigated. Thus, the 
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following studies were undertaken with the idea that results 
obtained might contribute to the eventual development of a 
satisfactory insulin assay technique utilizing the rat 
adipose tissue. 
Materials and Methods 
The glucose•uptake of rat epididymal fat pad tissue 
under various'conditions was studied by using a slight modi­
fication of the technique described by Beigelman and 
Onoprienko (134). 
A total of 124 male Sprague Dawley rats weighing from 
125 to 195 grams was used. Before experimental use the rats 
were housed 4 to a cage and given Purina laboratory chow and 
water ad libitum. They were sacrificed by a blow on the 
head. Laparotomy was performed and the testicular epididymal 
fat swiftly excised. Segments of this tissue, weighing 
generally from 40 to 70 milligrams, were quickly cut, weighed, 
and incubated in Krebs-bicarbonate buffer solutions contain­
ing glucose (1.00 to 1.30 milligram/milliliter), gelatin 
(1 milligram/milliliter), and various concentrations of in­
sulin. The incubation proceeded for 6 hours at 37°c. under 
an atmosphere of oxygen (.95%) and carbon dioxide (5%) in a" 
Dubnoff Metabolic shaker. The gas was introduced on com­
mencing the. run, and again midway through ' the run, into the 
chamber at a rate of about 2 liters/minute for 10 to 15 
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minutes. Throughout the incubation period the gas mixture 
was allowed to leak slowly into the chamber at a minimal flow 
rate. The shaker was run at 75 revolutions/minute. 
The stock insulin solution was made by dissolving re-
crystallized glucagori-free insulin (Eli Lilly) in a con­
centration of 1 milligram/milliliter of distilled water; 
1 N HC1 was added slowly, dropwise with mixing, until the in­
sulin was completely dissolved. The final pH was about 3 to 
4. The stock solution was kept either in the refrigerator or 
in the frozen state for a period which did not exceed 3 
months. Appropriate dilutions with Krebs-bicarbonate solu­
tion were made each day (134-136). 
In any series of determinations several blanks were in­
cubated. These contained the solution but no adipose tissue. 
Glucose-determinations were made in the manner previously • 
described. The difference between the glucose in the blanks 
and in the solution containing the adipose tissue constituted 
the glucose uptake. This was expressed in milligrams of 
glucose per gram of tissue per hour. 
The rats were divided into groups. Tissues from 5 rats 
were incubated in the following insulin concentrations: 0.1, 
0.25, 0.5, 0.75, and 1.0 unit/milliliter. The glucose uptake 
was determined in the manner described above for 2 pieces of 
tissue from each rat, at each of the 5 insulin levels. 
Fat tissues from another group of rats were cut into 
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various sizes with a weight range from less than .10 to 100 
milligrams. These tissues were incubated in Krebs-
bicarbonate medium containing an insulin level of 0.5 milli-
unit/milliliter. The glucose uptake of every tissue segment 
from each rat was determined after incubation as previously 
described. 
Tissues from a third group of 7 rats were incubated in 
Krebs-bicarbonate medium containing 0.. 25 milliunit/milliliter 
of insulin. Ten pieces of tissue were taken from each rat; 
and 5 were incubated in the above solution, while the other 
5 were incubated in the same medium except that 0.03125 
milligram/milliliter of hexamethonium, present as the bro­
mide, had been added. Glucose uptake after incubation was 
determined as previously described. 
The remaining rats were paired on the basis of weight 
prior to treatment. An attempt was made to keep the tissue 
size within a 10 milligram range in each pair of rats, while 
minimizing extra handling of the tissue. Five to 7 pieces of 
tissue were taken from each rat and incubated in Krebs-
bicarbonate solution with an insulin concentration of 0.25 
milliunit/milliliter. Tissues from pairs of rats were in­
cubated at the same time, and the solution used for incuba­
tion of tissues from each pair of rats was exactly the same. 
Glucose uptake on each piece of tissue was determined as 
before. 
2? 
Eight hours before sacrifice food was removed' from 1 
member of each pair of rats. The fasted rats were allowed 
free access to water. The non-fasted animals were allowed 
free access to both food and water. Twelve rats were in this 
group. 
In another group of 12 paired rats half were injected 
intraperitoneally 4 hours prior to sacrifice with 10 milli­
grams/kilogram of choline chloride in a saline solution. The 
volume of injection was less than 2.0 milliliters of solu­
tion. The control animal of each pair of rats was injected 
in a similar manner with a like volume of saline. 
In the next group of 18 paired animals tetraethyl ammon­
ium, present as the chloride, at a dosage of 5 milligrams/ 
kilogram was injected intraperitoneally 30 minutes before 
sacrifice into half of the rats. The other member of each 
pair received an appropriate volume of saline. 
In another group of 18 paired rats half received 20 
milligrams/kilogram of hexamethonium, present as the bromide, 
by the intraperitoneal route 1 hour prior to sacrifice. The 
other half of each pair received an .injection of saline of 
the appropriate volume. 
In another group of 18 paired animals similar treatment 
was given. Tissues from this group were incubated in Krebs-
bicarbonate medium containing no insulin. 
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Results and Discussion x 
Variation of individual rats 
The data for the analysis of variance shown in table 2 
were obtained by measuring the glucose uptake (milligram of 
glucose per gram of tissue) from 24 rats.injected with saline 
1 hour prior to sacrifice. Six pieces' of epididymal fat 
tissue from each of these rats were incubated in Krebs-
bicarbonate medium containing 0.2 milliunit/milliliter of 
insulin. The variation from rat to rat was significantly 
greater than the variation from tissue to tissue within each 
rat. Beigelman (128, 133) stated that individual rats appear 
to present inherent variation in fat pad glucose uptake-in 
response to insulin. The above findings provide statistical 
confirmation for his generalization. 
In figure 3 is shown the relation between the body 
weight of rats and glucose uptake by their adipose tissue in' 
response to an insulin level of 0.2 milliunit/milligram. 
These results from 46 rats weighing from 149 to 195 grams in­
dicate that there is a linear decrease in the glucose uptake 
of epididymal fat as the body weight increases (Y = 6.35 
(-0.0295) X; r = 0.825). Extension of the regression line 
indicates that at a body weight of about 215 grams no sensi­
tivity to insulin should be observed. These findings are in 
agreement with reports which indicate that tissue from 
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animals In the weight range 100 to 200 grams had considerably 
higher glucose uptake than tissue from heavier animals and 
that adipose tissue sensitivity to the lower levels of insu­
lin disappears in some rats weighing more than 220 grams 
(128). 
The results of wide variation of tissue size from indi- . 
vidual rats on glucose uptake response at an insulin level of 
0.5 milliunit of insulin are shown in figures 4 through 7. 
These findings support the previous observation on groups of 
rats" that there is no significant difference in glucose up­
take of tissue weighing less than 100 milligrams (128). 
Figure 8 and 9 show the variation in glucose uptake of 
tissue with a smaller variation in weight. Some of these 
tissues were cut into at least 7 smaller pieces, and even 
this heroic treatment did not seem to alter the total glucose 
uptake of adipose tissue. 
Figures 10 through 15 show the effect of variations in 
concentration of insulin within the physiological ranges on 
rat adipose tissue glucose uptake. Within each rat a trend 
to increased uptake with increasing insulin levels was ob­
served. These findings are consistent with the findings of 
others who, using labeled carbon dioxide, reported linearity 
at insulin concentrations in the physiological range (131). 
However, other authors using a wider range of insulin con­
centration have noted a relative decrease in insulin uptake 
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with higher levels of insulin concentration in the Krebs-
bicarbonate medium (128, 136, 137). 
The above findings serve as a basis for pairing rats 
by weight in subsequent investigations in which other factors 
affecting glucose uptake of rat adipose tissue were studied. 
Differences in weight seem to be a main factor to which vari­
ation between rats may be related. However, pairing will 
also eliminate variations in the glucose uptake due to en­
vironmental differences and slight variations in the composi­
tion of Krebs-bicarbonate medium. For example, it has been 
shown that there is no statistical difference between incu­
bation of tissues from different groups of rats in a solution 
containing less than 80, 80 to 104, and 104 to 140 milligrams 
per cent glucose and 0.1 milliunit/milliliter of insulin. 
However, such variation in glucose concentration might con­
tribute to the variation between rats. Likewise, slight 
differences in ionic composition, while not significantly 
affecting glucose uptake between groups of rats, might con­
tribute to variation between individual rats (138, 139)• 
These differences would be eliminated by pairing. 
Nutritional effects 
Lipogenesis is influenced by the diet. It is diminished 
during fasting and becomes very active when starved animals 
are refed with a high carbohydrate diet. This increased 
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lipogenesis upon refeedlng has been associated with increased 
activity in the liver of the intact animal (140, l4l). 
A similar relationship between the nutritional state and 
lipogenesis has been found by using isolated fat tissue 
(137, 142). The amount of decrease in fasting rats 24 hours 
prior to measuring the fat tissue uptake in the presence of 
insulin is small and in some cases, not statistically signif­
icant. 
The effect of an 8 hour fast on tissue glucose uptake at 
an insulin level of 0.25 milliunit/milliliter is ..shown in 
table 3. Only a small, insignificant decrease was noted. 
Choline is a growth factor concerned especially with the 
transport and deposition of fat. Deficiency produces marked 
accumulation of fat in the liver. Administration of choline 
reduces the accumulation of fat in the liver while increasing 
the storage of fat in the peripheral tissue. Its site of 
action is presumed to be in the liver and its mechanism of 
action related to the conversion of fat in the liver to phos­
pholipids. The formation of phospholipids after injection of 
radioactive phosphate is increased in the livers of rats by 
a single dose of choline (143, 144). 
In the present studies no statistically significant 
change in the glucose uptake of rat adipose tissue at an in­
sulin concentration of 0.25 milliunit/milliliter was observed 
4 hours after the rats were treated with 10 milligrams/ 
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kilogram of choline chloride. See table 2. 
Since the rate of metabolism in rats is high, an 8 hour 
fast in these animals may be equal in many respects to a much 
longer fasting period in other species, for example, man or 
dog. Therefore, it is felt that the above data indicate the 
effect on the maintenance of the blood sugar level of both 
fasting and choline has as its site of action some organ 
other than the peripheral adipose tissue. 
Effect of ganglionic blocking agents 
The previous work dealing with the in vitro effects of 
epinephrine is controversial. The addition of epinephrine to 
the incubation medium has been reported by several authors to 
increase the activity of adipose, tissue (131, 145). Epine­
phrine produces this effect both alone and in the presence of 
insulin. The effect of epinephrine and insulin together was, 
however, less than the total increase when used separately. 
On the other hand, Hagen and Ball (l46) have shown that 
epinephrine (10 micrograms/milliliter) reduces the net carbon 
dioxide and lactic acid production. When epinephrine was in­
jected into the rat prior to use, no effect was noted. This 
was presumably because of the rapid rate of destruction of 
epinephrine (145)• 
If epinephrine does enhance the uptake of glucose by 
adipose tissue, it would certainly be unexpected in view of 
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the general inhibitory effect of epinephrine upon peripheral 
glucose utilization in the intact animal (147). Furthermore, 
it has been well established that epinephrine has an in­
hibitory effect on the glucose uptake of the isolated rat 
diaphragm (148). 
In the present studies ganglionic blocking agents were 
used to investigate the effects of epinephrine on adipose 
tissue glucose utilization. Hexamethonium and tetraethyl 
ammonium block the transmission of impulses across the auto­
nomic ganglion without depolarizing the cell bodies. They do 
not prevent the release of acetylcholine from the preganglion­
ic nerves, but they prevent the stimulating effects of 
acetylcholine or other ganglionic stimulating compounds (149, 
150). The adrenal medulla is innervated by preganglionic 
sympathetic fibers, and its secretory cells are in many ways 
analogous to postganglionic neurons (151). Ganglionic block­
ing drugs inhibit the release of epinephrine and norepine­
phrine from both the adrenal medulla and the adrenergic 
sympathetic postganglionic neurons (152). Both of the gan­
glionic agents, hexamethonium and tetraethyl ammonium, have 
a rapid action. Because of the rapid destruction of epine­
phrine its blood level is soon greatly lowered after hexa­
methonium and tetraethyl ammonium are administered (153). 
The results obtained in the present study are shown in 
table 2. Administration of hexamethonium and tetraethyl 
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ammonium prior to sacrifice increased significantly the up­
take of the glucose by the rat adipose tissue in the pres­
ence of insulin (0.25 milliunit/milliliter). The uptake of 
glucose by this tissue was not significantly increased when 
hexamethonium was administered in the same manner', but no in­
sulin was in the incubating medium. Furthermore, addition of 
hexamethonium to the medium did not significantly -increase 
the uptake of glucose in the presence of insulin. 
This data indicates that hexamethonium, presumably by 
reducing the epinephrine levels, increases the glucose up­
take by adipose tissue in the presence of insulin. This 
finding supports the theory that epinephrine has an antagon­
istic action on the peripheral effect of insulin (63, 147). 
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EVALUATION OF A SIMPLE MODEL 
A simple model of blood glucose homeostasis involving 
a pair of differential equations was presented by Bolie 
(102). In their normalized form these equations are as 
follows : 
* dt = P a x + * (1) 
= q - y x - S y (2) 
The deviations in insulin and glucose concentrations 
from their normal values are represented respectively by x 
(unit/liter) and y (gram/liter). The normalized rate of in­
sulin and rate of glucose infusion are denoted by p (unit/ 
hour/liter) and by q (gram/hour/liter). The regulatory 
coefficients represented by alpha, beta, gamma, and delta are 
respectively the normalized decay constant for insulin 
(hour-1), the normalized sensitivity of pancreatic insulin 
output rate to the blood level of glucose (unit/hour/gram), 
the combined and normalized sensitivity of liver glycogen 
storage rate and tissue glucose utilization rate to elevated 
insulin concentration (gram/hour/unit), and the combined and 
normalized sensitivity of liver glycogen storate rate, and 
tissue glucose utilization rate to elevated glucose concen-
— 1 tration (hour- ). In the paper cited, these coefficients 
(a , & , y , 8 ) were estimated from the works of other 
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authors, by several methods. Using the steady state condi­
tions found In normal animals, the following estimates were 
made: a = 0.916, j8 = 0,198, y = 3.23, and 8 = 3.04. By 
considering experiments dealing with specific organ respon­
ses, the following estimates of the coefficients were ob­
tained: a = 0:625, £= 0.125, y = 5.00, and 8 = 2.52. By 
• • use of transient characteristics of the intact animal the 
following estimates were reported: a =0.800, /8 = 0.300,. 
y = 4.80, and 8 = 3.20. 
.It was felt that an estimate of alpha obtained under the 
*• 
experimental conditions of this investigation would be more 
applicable than estimates for the destruction rate of insulin 
in other preparations. Haugaard et al. (154), in dogs 
anesthetized with pentobarbital (which is the same prepara­
tion used in the present investigation), estimated the bio­
logical half-life of insulin as 50 to 55 minutes. By assum­
ing a first-order chemical reaction for the disappearance of 
hormones from the blood and by using the data from Haugaard 
et al., alpha was calculated to be in the range of 0.75 to 
O.83 hour-1. These values were close to the estimates of 
0.8 obtained by Bolie. 
By using this estimate of alpha, subsequent investiga­
tions were undertaken to evaluate the other coefficients 
presented by Bolie. 
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. , Materials and Methods 
A total of 56 mongrel dogs of either sex, weighing from 
5 to 24 .kilograms was used. Before experimental use the dogs 
were housed 1 or 2 to a cage and given General Mills 
SureChamp Meal ticket dog food and water ad libitum. Food 
was removed 24 hours before the animals were to be used. All 
insulin used in these experiments was glucagon-free insulin 
supplied by the Eli Lilly Company. Sterile glucose solutions 
supplied by the Fort Dodge Laboratories were used. All the 
animals were anesthetized with sodium pentobarbital, ' and the 
femoral vein and artery were cannulated. 
In 3 animals a constant infusion of saline at the rate 
of 22 milliliters/minute was begun after they had been 
anesthetized for 35 to 50 minutes. Blood samples of 1 
milliliter were obtained from the femoral artery before- the 
start of infusion and every 15 minutes thereafter for 2 hours. 
The glucose concentration in these samples was determined by 
the method previously described. 
Four other groups of animals, containing 10, 11, 10, and 
9 dogs, were treated in a similar manner except that they 
were infused with a saline solution containing glucose or in­
sulin in such concentration that they received 0.25 gram/ 
hour/kilogram or 0.5 gram/hour/kilogram of glucose or 0.025 
unit /hour/kilogram or 0.05 unit/hour/kilogram of insulin 
respectively. In some instances the infusion and sampling 
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continued for periods in excess of 2 hours. 
A group of 3 dogs was injected with 0.1 gram/kilogram of 
glucose over a 10 minute period, and blood samples taken be­
fore the start of the injection and at 10, 30, and every 10 
minutes thereafter. The blood glucose levels were determined 
as previously described. Another group of 3 animals was 
treated in a similar manner except the dosage of glucose was 
0.25 gram/kilogram. 
Three dogs were prepared as described previously; then 
1 milligram/kilogram of atropine was administered intra­
venously. Carotid blood pressure and a continuous electro­
cardiogram were recorded by use of a Physiograph (E & M 
Instrument Company). Thirty minutes after the injection of 
atropine 0.1 unit/kilogram of insulin was injected intra­
venously. Blood samples were taken periodically and glucose 
levels determined as before. Another group of 3 animals was 
treated as above, except at 45 minutes after the injection of 
insulin an infusion of epinephrine was started. The infusion 
rate was controlled so 'that a 10 millimeters of mercury in­
crease in blood pressure was maintained. The rate of epine-
—Q y 
phrine infusion varied from 10 to 10"' gram/kilogram/ 
minute within each dog. 
Four dogs were infused with a combination of both glu­
cose and insulin. Two received glucose at a rate of 0.25 
gram/hour/kilogram and insulin at a rate of 0.11 unit/hour/ 
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kilogram. The other 2 dogs were infu,sed with a combination 
of glucose and insulin at rates of 0.25 gram and 0.04 unit . 
per hour per kilogram. Blood samples were collected, and 
glucose determinations were performed in the manner previous­
ly described. 
Results and Discussion 
Estimates of coefficients 
Table 5 and figures 15 through 18 show the changes in 
blood glucose observed during the infusion of insulin or 
glucose. The mean maximum increase in the animals infused 
with 0.25 gram/hour/kilogram was 17 milligrams per cent glu­
cose, which occurred at 30 minutes after the start of in­
fusion. A steady state 2 milligrams per cent higher than the 
initial blood sugar level was established after 60 minutes. 
At a higher dose level of 0.5 gram/hour/kilogram a maximum 
rise in blood glucose of 30 milligrams per cent was observed 
at 45 minutes after the start of the infusion. A steady 
state blood sugar level was established at 105 minutes fol­
lowing the start of the infusion. This level was 12 milli­
grams per cent higher than the initial level. During the in­
fusion of insulin at rates of 0.025 and 0.05 unit/hour/ 
kilogram, a steady state was obtained at about 135 minutes 
after the start of the infusion. These levels were about 10 
milligrams per cent and 30 milligrams per cent of glucose 
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below the initial levels. 
When the glucose levels have reached a steady state, 
equations 1 and 2 may be represented by the following equa­
tions, 
p = ax - £y (3) 
.q = y x  8y, (4) 
since the rate of change of glucose is zero and the rate of 
change in insulin may be assumed to be zero (155) 
If only glucose is infused, and equation (3) is multi­
plied by y and equation (4) by a , 
O r  y a x  -  y j S y  ( 5 )  
a q = a y x + a S y  ( 6 )  
which solved simultaneously for y give 
a q  = y ( a 8  +  (By ). (7) 
- In a similar manner, during an infusion of insulin 
equations (3) and (4) may be represented by 
y P  =  - y  (  a S  +  & y ) .  ( 8 )  
Since y in equation (7) represents the change from normal 
during glucose infusion and the y in equation (8) represents 
a similar change during insulin infusion, they will be de­
noted by yg and y^. By combining equations (7) and (8) it is 
found that 
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Z &  =  ^  (9) y± pr 
or 
(10) 
By substituting the following values into equation (10): 
a = 0.80 hour-1 
it is found that y = 4.8 grams/hour/unit. The values shown 
above were obtained by conversion of infusion rates and cor­
responding results into the units listed. Additional esti­
mates of gamma were obtained in a similar manner using the 
other infusion rates; and results were 5-16, 2.12, and 1.75 
grams/hour/unit. The values of 5.16 and 4.8 for gamma are 
closest to the estimate of 4.8 given by Bolie. The lower 
estimates involve results obtained by infusing 0.5 gram/hour/ 
kilogram of insulin. 
By balancing the effects of an infusion of insulin and 
glucose on glucose deviation, equation (10), when given 
proper values for gamma and alpha, predicts that a certain 
rate of glucose infusion, requires a certain rate of insulin 
infusion to maintain minimal deviation in blood glucose 
levels: 
q - 1.00 gram/hour/liter y^_ = 0.12 gram/liter 
p =0.10 unit/hour/liter yg = 0.02 gram/liter 
y p = a q. (11) 
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By using a = 0.8 hour-1 and y = 5.0 grams/hour/unit, 
it was determined that a combination of 0.25 gram/hour/ 
kilogram of glucose and 0.04 unit/hour/kilogram should main­
tain the blood sugar at a relatively constant level. The re­
sults of infusion of insulin and glucose at these rates are 
shown in figure 19. The blood sugar of these animals re­
mained relatively constant, although in one dog an initial 
drop of 10 milligrams per cent glucose was noted. 
By using a = 0.8 hour-1 and y = 2.0 grams/hour/unit, 
it was determined that a combination of 0.25 gram/hour/ 
kilogram and 0.11 unit/hour/kilogram should maintain the 
blood sugar at a relatively constant level (equation 11). 
The results of infusing a combination of glucose and insulin 
at these rates is shown in figure 20. The blood sugar level 
of these animals did not remain constant and showed a lower­
ing trend. 
Best (156) reported that blood sugar has been kept at 
a normal level in dogs by infusing both insulin and glucose. 
When the insulin infusion rate was between 0.06 and 0.4 unit/ 
hour/kilogram, the corresponding glucose requirement was be­
tween 0.2 and 6.0 grams/hour/kilogram. The lower values were 
obtained in anesthetized dogs. Glucagon-free insulin was not 
used in the experiments reported by Best. 
It is felt that the results of the present study, along 
with those reported by Best, indicate that 5.0 grams/hour/ 
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unit is a reasonable estimate for the value of gamma. 
Metz (59), using fasted dogs anesthetized with pento­
barbital, has shown that the pancreatic output of insulin 
approaches zero as the blood sugar is lowered. Metz used the 
rat diaphragm method to estimate insulin concentration of the 
blood in the pancreatic venous blood. This method is re­
ported to give somewhat higher results than newer techniques 
(121). Furthermore, the liver reduces the effective insulin 
concentration in the blood, and the pancreatic venous blood 
passes through the liver (157). 
On the basis of the above it is reasonable to assume 
that at lowered blood glucose levels the insulin output of 
the pancreas is insignificant in comparison with a reasonably 
high insulin infusion rate. Thus, equations (3) and (4) may 
be modified as follows : 
p = a  x - 0 „ (12) 
0 = y  x + 8  y. (13) 
This pair of equations then give the solution, 
0 = JlP - 8 y. (14) 
a  
If it is assumed that the glucose and insulin spaces are 
equal and constant, the insulin infusion rate in unit/hour/ 
kilogram may be converted; to unit/hour/liter by dividing by 
0.25 (102). From the previous discussion and the results of 
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infusing 0.05 unit/hour/kilogram of insulin, the following 
substitutions into equation (l4) may be made: 
_"I 
a =0.8 hour 
& =5.0 grams/hour/unit 
p =0.2 unit/hour/liter 
y = 0.14 gram/liter 
to give 8 = 4.4 hour-1. 
This estimate is slightly higher than the values of 
3.04, 2.52, and 3.20 hour-1 reported by Bolie (102). This 
increase in the estimate of delta is not accounted for by 
assuming that at this dosage of insulin the pancreas is re­
leasing insulin into the blood, since this assumption would 
tend to increase the value of delta. 
Equation (8) represents the steady state conditions dur­
ing an infusion of insulin. . Substitution of the previous 
estimates for the coefficients { a , y , 8 ) and use of the 
change in the steady state level of blood glucose during the 
infusion of 0.05 unit/hour/kilogram gave an estimate for the 
value of beta: 
a =0.8 hour-1 
y =5.0 grams/hour/unit 
8 = 4.4 hour-1 
p =0.2 unit/hour/liter 
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y =0.28 gram/liter 
therefore, from equation (8), ft = 0.202 unit/hour/gram. 
In a similar manner substitution of the insulin infusion 
rate of 0.025 unit/hour/kilogram, gave an estimate of 0.260 
unit/hour/gram for the value of beta. These estimates for 
beta compare favorably with the estimates of beta by Bolie. 
These estimates were 0.198, 0.125, and 0.300 unit/hour/gram. 
However, when the values obtained with the two glucose 
infusion rates were used in a similar manner, the values for 
the estimate of beta were 0.65 and 1.13 unit/hour/gram. 
Bolie (102) observed that experimental data show that 
normal homeostatic regulation of blood glucose exhibits 
physiological coefficients which approximate the critical-
damping of servomechanism theory. Under these criteria, 
(  S  -  a  ) 2  = 4  ( 1 5 )  
and the maximum deviation from the normal blood glucose level 
after an injection of insulin is 
V  =  r  ^  ( 1 6 ) '  
where tm is the time after injection of insulin at which the 
maximum depression in blood sugar occurs, which may be shown 
to be 
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The factor Dj_ in equation (l6) is: the dose of insulin in . 
unit/kilogram, V is the dilution space (0.250 liter/kilo­
gram) , and e = 2.718. Furthermore, under the criteria of 
critical damping the time (tQ) when the blood glucose returns 
to normal after an injection of glucose is 
t0 = ( s g a j, (18) 
according t o  Bolie. 
The effect on blood glucose of injecting a dose of 0.1 
unit/kilogram into 3 dogs fasted 24 hours and anesthetized 
with pentobarbital sodium are shown in figure 21. From fig­
ure 21 the following sets of values may be obtained: 
ym = 0.36 gram/liter, tm = 0.5 hour;. ym = 0.32 gram/liter, 
tm = 0.625 hour; and ym = 0.29 gram/liter, tm = 0.75 hour. 
By substituting these values into equation (16) an 
estimate of'gamma was obtained. By using 0.8 hour 1 as an 
estimate of alpha and the values of tm shown above, an es­
timate of delta was obtained for each animal by use of equa­
tion (17). Likewise, the substitution of the values of 
gamma and delta from each animal into equation (15) and using 
0.8 hour-1 as a value of alpha, an estimate of beta was ob­
tained. The 3 sets of estimates, one from each dog, were: 
£ = 0.294 unit/hour/gram, y - 4.89 grams/hour/unit, 
S - 3.2 hour-1; ft = 0.184 unit/hour/gram, y = 3.48 grams/ 
hour/unit, 8 =2.4 hour-1; and @ = 0.10J unit/hour/gram, 
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y = 2.63 grams/hour/unit, S  = 1.86 hour-1. The mean esti­
mates for the 3 coefficients on these dogs are : @ = 0.195 
unit/hour/gram, y = 3.67 grams/hour/unit, 8 = 2.48 hour-1. 
Figure 22 shows the effect of injecting 0.1 gram/kilo­
gram glucose on the blood sugar level of 3 dogs which had 
been fasted for 24 hours and were under pentobarbital anes­
thesia. The blood sugar returns to normal in 50 minutes af­
ter the injection of glucose. The' application of this value 
and 0.8 hour-1 as a value for alpha in equation (18) gives 
another estimate for delta, 8 = 3.2 hour-1. 
Figure 23 shows the effect on blood glucose of injecting 
0.25 gram/kilogram of glucose into 3 dogs which were fasted 
for 24 hours and under pentobarbital anesthesia. The blood 
sugar returned to normal in 75 minutes after the injection of 
the glucose. Application of this value and substitution of 
a =0.8 hour-1 gives another estimate of delta, 8 = 1.43 
hour-1. 
By using the mean time of maximum depression of blood 
glucose in dogs from figure 22 in equation (17) and by using 
the time taken for the blood glucose to return to normal 
after an injection of 0.1 gram/kilogram glucose in equation 
(l8), two equations, 
8  +  a  = 3 . 3  
8 - a = 2.4, 
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relating alpha and delta are formed. Solution of these 
equations gives 8 = 2.85 hour-"1" and a = 0.45 hour-1. 
When a higher dose of glucose is injected, the time of 
the return to normal is 75 minutes, and 
8 - a = 1.3 
8 + a = 3.3 
» . 
gives the following estimates S = 4.60 hour-1 and a = 1.00 
hour-1. 
The mean of the last 2 estimates gives a = 0.73 hour 
and 8 = 3-73 hour 1. By using the previous estimates of the 
coefficients ( a , y , and S ) an estimate of J3 = O.196 unit/ 
hour/gram may be obtained by application of equation (15). 
The range of the values for the estimates of the 
coefficients made by Bolie (102) include the mean of most of 
the various estimates of the values of these coefficients ob­
tained in this study. These estimates are shown in table 5 
and confirm the reliability of the coefficients and, thus, 
the model itself, when applied to dogs anesthetized with 
sodium pentobarbital and fasted 24 hours prior to experimen­
tal use. 
Limitations of the model 
In most of the generalized concepts of carbohydrate 
homeostatic regulation it has been postulated that epine­
phrine plays an important role. This theory stems from the 
49 
early findings of Cannon et al. (62). They presented evi­
dence indicating that when the blood sugar drops to low 
levels (40 milligrams per cent) epinephrine is released from 
the adrenal medulla. Furthermore, Rogoff and Nixon (158) 
showed that at very high levels of glucose in the blood the 
output of epinephrine from the adrenal glands is decreased. 
The model" previously discussed makes no provision for 
any interrelationship between the blood glucose concentration 
and the output of epinephrine. According to the work of De 
Bodo and Altszuler (63), this is correct within the ranges of 
blood glucose concentration observed in the experimental 
animals of the present investigation. De Bodo and Altszuler 
reported that within the physiological ranges 140 to 50 mil­
ligrams per cent in dogs, decreases in the blood glucose con­
centration have no effect on epinephrine blood levels. 
Duner (159) has shown that there is no change in the epine­
phrine and norepinephrine plasma levels in cats when the 
blood glucose level rises to 145 milligrams per cent. 
In the present studies no increase in the blood pressure 
of 3 dogs anesthetized with pentobarbital sodium and atro-
pinized was observed after an injection of 0.1 unit/kilogram 
of insulin. The blood sugar in these animals was lowered to 
between 60 and 50 milligrams per cent as shown in figure 21. 
This preparation is most sensitive to epinephrine and is used 
for the bioassay of epinephrine and epinephrine-like 
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compounds (l6o). In the unatropinized dog, which is less 
'sensitive, an injection of 10"^ gram/kilogram of epinephrine 
causes a 10 millimeters of mercury rise in blood pressure 
(161). The response of the blood glucose shown in figure 21 
differs from the response seen in the unanesthetized animal 
(162). The return to normal in the pentobarbital anesthe­
tized animals is considerably slower., and the maximum de­
pression occurs later than in the unanesthetized dog. 
However, when dogs were treated in a similar manner ex­
cept that an infusion of epinephrine sufficient to maintain 
a 10 millimeters of mercury increase in blood pressure .was 
begun at 45 minutes after the injection of insulin, the blood 
sugar levels promptly returned to normal. These results are 
shown in figure 24. The amount of epinephrine infusion into 
—8 —1 
each dog varied from 10 to 10 gram/minute/kilogram. 
Many anesthetics are reported to have severe effects 
on blood glucose concentration. These effects are mediated 
by stimulation of the release of epinephrine. In the course 
of the present study 3 dogs were anesthetized with pentobar­
bital sodium and infused with isotonic saline at a rate of 22 
milliliters/hour for periods of up to 3 hours. Little change 
in the blood glucose levels was observed. The maximum varia­
tion was 7 milligrams per cent from the starting level, and 
the mean deviation was 2.8 milligrams per cent. This is in 
keeping with the well-established fact that the blood glucose 
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levels in animals anesthetized with pentobarbital is main­
tained at a constant level (163, 164, 165). In addition to 
this, pentobarbital inhibits changes in blood' glucose caused 
by other agents (166). 
Rogoff and Nixon (158) suggested that pentobarbital may 
inhibit the release of epinephrine. It is well established 
that pentobarbital anesthesia does not abolish the release 
of epinephrine completely, but the rate of release is reduced 
(167, 168). 
In view of the preceding discussion, it is felt that 
caution should be used in' applying this model and the co­
efficients derived from the fasted, pentobarbital anesthetized 
dog to other preparations. More specifically, unanesthetized 
dogs, dogs anesthetized with other drugs, and, of course, 
other species may have different response characteristics. 
Furthermore, this single-compartment model does not include 
the effects of the renal threshold of glucose, or severe de­
pressions of blood sugar which might increase the epinephrine 
release. 
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MULTI-COMPARTMENT MODEL 
The previous model, while adequate in some respects, 
does not deal specifically with the individual organs and 
tissues which affect the normal homeostatic. blood glucose • 
regulation. By imposing certain restrictions and making some 
assumptions, this model may be expanded to cover the homeo­
static regulation of glucose in several of the more important 
compartments of the body. The presentation here will be 
limited to development of the extended theory as based on 
elaboration of the concepts previously discussed. A thor­
ough confirmation of this extended theory involves a greatly 
expanded array of simultaneous measurements which are beyond 
the scope of this investigation, but suggest several new 
areas for future research. 
In the multi-compartment model to be discussed the vari­
ation in blood glucose was limited to the range 50 milligrams 
per cent to 145 milligrams per cent. This tended to elimi­
nate any interplay between blood glucose concentration and 
epinephrine release as previously discussed. Furthermore, 
the renal excretion of glucose was hot a factor within the 
range of blood glucose concentrations.. In addition, an at­
tempt was made to use data obtained from dogs, although it 
was necessary in some instances to use, with adjustment, data 
from other species. 
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Certain assumptions were necessary to develop the model. 
First, it was assumed that there is no pooling of blood in 
any organ; that is, the input blood flow rate equals the out­
put blood flow rate. Secondly, it was assumed that there is 
a rapid equilibration of glucose and insulin between the 
tissues and the perfusing blood, so that the concentrations 
of glucose and insulin in the tissue extracellular fluid and 
in the efferent venous blood are essentially equal. Next, it 
was assumed that the rate of gluconeogenesis is relatively 
constant during the time interval under consideration. Also, 
it was necessary to assume that there is no absorption of 
glucose by the intestine during the time under consideration. 
Additionally, it was assumed that there are no changes in the 
rate of glucagon release or that the release of glucagon 
serves merely to reduce the effective insulin concentration. 
The basis of the above limitations and assumptions has been 
previously discussed (101). 
Also, it was assumed that the hepatic artery blood sup­
ply contributes to the liver only the metabolic needs of that 
organ, that is, that the portion of the insulin in the blood 
which is extracted by the liver via the hepatic artery is 
small, and the glucose in this blood supply of the liver 
provides all of the glucose used in the catabolie process of 
the liver. Some justification of this assumption was found. 
Markowitz et al, (169) have shown that ligation of the 
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hepatic artery :in dogs is followed by death due to liver 
necrosis, while ligation of the portal system is not. This 
is presumably because of a lack of oxygen in the portal blood 
supply; but certainly if the arterial supply is sufficient 
for the oxygen need, it should also be adequate for the 
metabolic demands of normal functioning liver cells. Jamison 
et al. (170) have confirmed this contention through anas­
tomosis of the vena cava and portal system. Death- did not 
occur in the dogs, although the size of the liver was reduced, 
perhaps because of the loss of a supply of material to be 
stored. 
The definition and the units assigned to the.symbols 
used in the development of the extended model are shown in 
table 6. If the effect of insulin binding by the peripheral 
tissue can either be neglected or can be accounted for in the 
assumed volume of the extracellular fluid dilution space, 
then the rate of increase of total insulin (V^I^) in this 
space can be equated to the difference between the input 
transport rate (F^Ia) and the output transport rate (F^I^). 
Hence, the insulin concentration of the extracellular fluid 
of the peripheral tissue, which includes as part of the total 
blood flow that flowing through the hepatic artery, is gov­
erned approximately by the equation: 
ar (Vb> = Va - Vb 
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which may be written as: 
Î) ^ + i„ = I, (i) dT b " a. 
The glucose concentration in the extracellular fluid of 
the peripheral tissue may be represented by the equation: 
b, 3T- Ub " Ua Fb> (2) 
Similarly, the insulin and glucose concentrations in the 
blood leaving the pancreas may be represented by the following 
pair of equations: 
($Ç) Hï2 + rp = xa+ ^  (3) 
(9 P- + QP = - % . (4) 
The concentrations of insulin and glucose in the blood 
leaving the splanchnic tissues are approximately represented 
by the following equations : 
(pf) + = za (5) 
S 
dB
= + 0 - 0. - * 
s/ dT s a Ps. (6) 
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The splanchnic tissues in this model are defined as the 
visceral or the conventional splanchnic tissues minus the 
pancreas. 
The concentrations of insulin and glucose in the blood 
leaving the liver may be assumed to vary in accord.with the 
equationsr 
The blood flow rate in these equations is actually the total 
flow in the hepatic portal vein, since the hepatic artery 
flow is considered in this model to be part of the flow in 
the peripheral tissue. These primary first-order differen­
tial equations are summarized in table 6. 
A schematic diagram of the simplification of the circu­
latory system as discussed above is shown in figure 25. The 
total blood flow rate is equal to the rate of flow of blood 
through the liver plus the flow rate through the other tis­
sues of the body. Under the previous assumptions the flow 
through the hepatic artery is included in the flow through 
the rest of the body. The rate of blood flow through the 
liver, actually the blood flow rate in the portal vein, is 
considered to be composed of blood flowing through the 
( 7 )  
(8)  
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pancreas and the blood flowing through the rest of the 
splanchnic area. The blood flow rates may then be related 
by the equations: 
Pp + Fg = $1 (9) 
Pi + Fb = Pt. (10) 
• The transport rate of insulin (unit/hour) or the trans­
port rate of glucose (gram/hour) is found by multiplying the 
blood flow rate in liter/hour times the concentration in 
units or grams per liter. Continuity of transport rates 
through the junctions shown in figure 25 thus requires that: 
Vp + Vs = ^ UD 
% + PsGs = FlGw (12) 
¥l + PbGb = ptGa (13) 
*lxl + Fb^b = FtIa. (14) 
Within the physiological ranges of glucose concentration 
the rate of insulin production by the pancreas in response to 
an increase in circulating glucose concentration may be 
approximated as a linear relationship (59). Thus, the output 
of insulin by the pancreas may be represented by: 
R = KpGp, (15) 
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where Kr is a coefficient of proportionality. < 
The primary source of insulin metabolism is the liver, 
which accounts for better than 95 per cent of the insulin 
destruction in the body (157). The assumption that the in­
sulin is uniformly distributed throughout the extracellular 
fluid of the liver, and assuming the destruction of insulin 
is a first-order chemical reaction, gives the equation: 
D = K^, (16) 
where Kh is the coefficient which relates the destruction of 
insulin to the amount of insulin leaving the liver. 
The liver also serves to store glucose. The following 
equation: 
H = H°-+ KX (G-L - G0) + KJ (I2 - IQ) (17) 
indicates that the rate of glucose storage is approximated by 
the sum of a basal storage rate (H°), plus a term propor­
tional to the elevation of hepatic venous glucose concentra­
tion above selected level (GQ), plus another term propor­
tional to the elevation of hepatic venous insulin concentra­
tion above a selected level (IQ). 
Within the restricted ranges of physiological varia­
tions, the rates (Mb, Ms, and Mp) of metabolism or entrance 
into the cells of glucose in the three compartments con­
sidered may be approximated by the following equations : 
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Mb = + Kt(&b - Gi) + %%(!% - Ii) (18) 
Mg = M° + Kg(Gg - Gg) + %s(ls - Ig) (19) 
%p = Mg + %p(Gp - G3) + K^Clp - I3) (20) 
where Mg, M°, and M° represent rates of metabolism which are 
modified by the disappearance of glucose into the cells under 
the influence of increased glucose concentration outside of 
the cell and also a change in the insulin concentration. The 
secondary equations (9-20) are shown in table 8. 
The dilution spaces can be estimated by multiplying the 
organ weight by a dilution space for glucose and insulin and 
assuming these dilution spaces remain relatively constant and 
are equal. A value of 0.25 liter/kilogram appears to be 
approximately correct for this value (102). The following 
values from the ratio of organ weight (gram) to body weight 
(100 gram) have been reported: liver 2.94, stomach and 
intestine 4.83, and pancreas 0.14 (171, pp. 162-163). 
Assuming a body weight of 20 kilograms for the dog, the 
following values for the dilution spaces were calculated: 
Vb = 4.504 liters, Vx = 0.148 liter, Vs = 0.240 liter, 
Vp = 0.018 liter. 
The total blood flow rate or the cardiac output for a 20 
kilogram dog is about 2.5 liters/minute (172, pp. ' 77-80). 
About 0.35 liter/minute flows through the hepatic portal vein 
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(173). The blood flows through the pancreas at a rate of 7 
milliliters/minute or 0.007 liter/minute (in dogs weighing 
20 kilograms) (59). Thus, the following values were calcu­
lated: Fp = 0.42 liter/hour, Fs = 20.58 liters/hour, F]_ = 
21.0 liters/hour, Fb = 129-0 liters/hour, and Ft = 150 
liters/hour. 
From the Work of Metz (59) the rate (R) of insulin 
production by the pancreas may be estimated to range from 
0.24 unit/hour to 1.20 units/hour in the 20 kilogram dog 
within the blood glucose ranges of this model. Also from 
his data, assuming that the reported value of 0'.l6 milli-
unit/milliliter is correct for the normal resting steady 
state insulin blood concentration, Kr was.estimated to have 
an approximate value of 0.3 (unit/hour)/(gram/liter). 
Weisberg et al. (157) have calculated that the liver is 
capable of inactivating about 0.04 to 0.02 unit of insulin 
per kilogram of body weight per hour. The application of 
this data to the present model, assuming a 20 kilogram dog, 
gives an estimate of from 0.4 to 0.8 unit/hour for the maxi­
mum rate (D) of destruction of insulin by the liver. In 
accord with the previous discussion Kh was calculated to have 
an approximate value of 1.5 (unit/hour)/(unit/1iter). 
The estimation of values for the parameters in equation 
(17) must be based on refinements of present experimental 
technique. As previously discussed, there is considerable 
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controversy as to whether or not insulin has a direct effect 
on the hepatic glucose output. Assuming insulin does not 
affect liver function, equation (17) may be simplified to: 
H = H° + K-L (&! - G0). 
Several authors have reported that there is hepatic 
glucose production at arterial plasma concentrations greater 
than 150 milligrams per cent; hence, the rate of glucose 
storage (H) will be a negative quantity in the range of blood 
glucose concentrations for which this model was designed (174, 
175, 176). 
Mahler et al. (39) have reported that the glucose pro- . 
duction rate of the liver within normal levels of blood glu­
cose concentrations is between 0.12 to 0.35 gram of glucose 
per kilogram of body weight per hour. Conversion of this 
data to the appropriate units and application of it to the 
20 kilogram dog gives -2.4 to -7.0 grams/hour for an estimate 
of the range of the hepatic glucose storage rate. On the 
basis of the previous assumption of negligible insulin ef­
fect, it may be inferred from the data presented by Landau 
et al. (174) that when GQ equals about 0.5 gram/liter, then 
H° is equal to -7.0 grams/hour. Hence, K]_ may be estimated . 
to have an approximate value of 6.3 (grams/hour)/(gram/ 
liter). As a precaution, it should be noted that the data of 
Landau et al. indicates that the rate of output of carbohy­
drates by the liver is. reduced in dogs fed high protein diets. 
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The rate of metabolism or glucose utilization of the 
tissues comprising the various compartments under considera­
tion have not been evaluated separately. However, in the 
fasted, resting dog it seems reasonable to assume that the 
rate of metabolism of each compartment considered in figure 
25 is approximately the same per gram of tissue. 
Soskin and Levine (23) indicated that in the depan-
creatized dog the glucose utilization rate is only about 100 
milligrams of glucose per kilogram of body weight per hour 
when the blood glucose concentration is about 50 milligrams 
per cent. In this preparation there is about a 10 per cent 
increase in the glucose utilization rate at a blood" glucose 
concentration of 150 milligrams per cent. According to 
Soskin and Levine, in the intact animal the blood glucose 
utilization rate rises from about 215 milligrams/kilogram/ 
hour at a blood glucose level of 50 milligrams per cent to 
280 milligrams/kilogram/hour at a blood glucose level of 150 
milligrams per cent. 
Metz (59) found that at a blood glucose concentration of 
0.80 gram/liter the blood insulin concentration was about 
0.l6 unit/liter. The value of 0.8 gram/liter was assigned to 
Gg, and G^; and the value of 0.l6 unit/liter was assigned 
to !]_, I2, and (equations 18-20). From the data of So s kin 
and Levine the glucose utilization rate at a blood glucose 
concentration of 0.8 gram/liter for each compartment was 
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estimated, giving: = 4.2863 grams/hour; Mg = 0.2174 gram/ 
hour; and Mp = 0.0063 gram/hour. Also, the difference be­
tween the glucose utilization rate at a blood glucose con­
centration of 0.8 gram/liter of the intact and depancreatized 
dog was divided by the difference between the blood insulin 
concentrations (0.l6 unit/liter) in the two types of prepara­
tions' and compartmentalized to give : = 14.8272 (grams/ 
hour)/(unit/liter); Kg = 0.7156 (gram/hour)/(unit/liter); and 
Kp = 0.0218 (gram/hour)/(unit/liter). Then, using the data 
obtained from depancreatized dogs, the increase in glucose 
utilization rate caused by an increase in blood glucose con­
centration was compartmentalized; and the following estimates 
resulted: = 0.09503 (gram/hour)/(gram/liter); Ks = 
0.00483 (gram/hour)/(gram/liter); and Kp = 0.00014 (gram/ 
hour)/(gram/liter). 
The values for the coefficients (Kb, Ks, and Kp) change 
at blood glucose concentrations greater than 200 milligrams 
per cent. Also, it should be pointed out that the increase 
in metabolic activity in any compartment is followed by an 
increased basal glucose utilization (M°) of that area. For 
example, when the animal is fed, the stomach and intestine 
will increase their basal rate of glucose metabolism or 
utilization (Mg). The finding of Dulin and Clark (177) that 
exercise of one limb causes an increase in the peripheral 
utilization of glucose in that limb, but not in the 
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contralateral limb, is in keeping with the above theory. 
The estimated values for the various parameters derived 
above.are summarized in table 9- These estimates, although 
based on data from various sources, seem to fit together 
quite well. For example, by using these estimates, the self-
regulatory nature of glucose homeostasis is confirmed by the 
observation that at lower blood glucose concentrations the 
glucose output from the liver exceeds the total glucose 
utilization rate, thus tending to return the blood sugar con­
centrations toward normal. 
One important result of this multi-compartment model of 
the glucose regulatory mechanism is that it can serve as a 
basis for designing new and more refined experiments for 
eliciting detailed metabolic responses of specific organs. 
For example, this theory shows that the influence of insulin 
on the rate of glucose uptake by the liver cannot be evalua­
ted properly without controlling or measuring the effects 
exerted by the other organs on the levels of insulin and glu­
cose in the hepatic circulation. Future refinements of this 
model might well consider renal excretion of glucose, ab­
sorption of glucose from the digestive tract, and the effects 
of epinephrine. 
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SUMMARY AND CONCLUSIONS 
Various factors affecting the in vitro rate of glucose 
uptake of rat adipose tissue were investigated. Variation ' 
between rats appeared to be a difficulty inherent in the use 
of this tissue for studying carbohydrate metabolism. The 
body weight of the rat was shown to be inversely related to 
the rate of uptake of glucose by the rat adipose tissue. 
Neither fasting of the source rat nor choline administration 
seems to have much effect on the rate of glucose uptake of 
this tissue. The treatment of rats with a ganglionic block­
ing agent prior to use of the tissue was found to increase 
the rate of glucose uptake of the tissue in vitro in the 
presence of insulin. This increase appears to be related to 
the decrease in the levels of epinephrine in the blood of 
rats pretreated with either hexamethonium or tetraethyl 
ammonium. 
The four coefficients of a one-compartment normalized 
model of blood glucose regulation, consisting of a pair of 
first-order differential equations, were evaluated in dogs 
fasted 24 hours and anesthetized with sodium pentobarbital. 
Three sets of values for these coefficients were obtained. 
One set was derived from the results of infusion of glucose 
or insulin at constant rates over a period of several hours 
with one of the coefficients fixed by previous experiments. 
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Another set of coefficients was derived from the results, of 
injecting glucose or insulin with one of the coefficients 
fixed by previous experiments. The third.set of coefficients 
was determined from the results of injection of insulin or 
glucose independently of any prior studies. Results were 
presented which indicate that the release of epinephrine 
normally caused by hypoglycemia is inhibited in the fasted, 
pentobarbital anesthetized dog. 
A multi-compartment model consisting of 8 first-order 
differential equations was formulated to simulate a more 
refined model of the blood glucose homeostatic mechanism. 
This model also contained 12 algebraic equations which 
supplement the primary differential equations. Preliminary 
estimates of the parameters in the extended model were pre­
sented and discussed. ~ 
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TABLES AND FIGURES 
Table 1. Reproducibility of glucose determination on glucose 
standard (100 mg. per cent), dog blood and Krebs-
bicarboriate.medium 
Fluid Number 
of 
determinations 
Mean±Standard deviation 
Glucose 
standard 10 0.6025± 0.0018 O.D. 
Dog blood 10 80.66±00.47 mg. per cent 
Krebs-
bicarbonate 
medium 10 1.053± 0.007 mg./ml. 
Table 2. Analysis of variance 
epldidymal fat tissue 
of glucose uptake by 
between rats 
Source of 
variation 
Degrees of 
freedom 
Sum of Mean square 
squares 
Rats 23 40.633 1.767a 
Tissue 120 36.028 0.300 
Total 143 76.661 
aHighly significant. 
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Table 3. The increase by various treatment on the glucose 
uptake (mg./gm./hr.) of rat epldidymal fat tissue 
Treatment Number 
of 
animals 
Increased glucose 
uptake (treated 
minus control) 
Signifi­
cance 
p level 
Fast (8 hr. ) 12 -0.009± 0.135 <0.05 
Choline injection 
(10 mg./kg.) 12 -O.O85± 0.136 <0.05 
Hexamethonium injection 
(20 mg./kg.) 18 0.496± 0.176 > 0.05 
Hexamethonium injection 
(20 mg./kg.) 
no insulin in solution 18 0.157± 0.180 <0.05 
Hexamethonium in medium 
(0.0325 mg./ml.) 7 0.093±0.141 <0.05 
Tetraethyl ammonium 
injection (5 mg./kg.) 18 0.425 ±0.145 >0.05 
Table U. Effect of infusion of insulin or glucose on blood glucose concentration 
Treatment Num- Blood glucose (mg. percent) during infusion (minutes after start) 
ber 
of 0 1$ 30 45 60 75 90 105 120 135 150 165 180 210 
ani­
mals 
Glucose 0.25 10 79-9 93-Î3 96112 93±12 B9-Î2 82ll3 82l? Ô3-7 83-6 8lll2 8lll2 81Î12 8lll3 
gm./kg./hr. 
Glucose 0.5 11 7716 9717 109+8 117+6 114+13 113±12 9516 9114 9114 9114 9115 — 
gm./kg./hr. 
Insulin 0.025 10 8318 82+8 81+7 7917 7618 7517 7417 7317 7217 7217 70Î8 68+12 70112 
units/kg./hr. 
Insulin 0.05 9 78±6 71*6 66±8 6l±8 57±5 56±4 54% 52-4 50±2 50±2 50±2 -— 5l-4 5l-4 
units/kg./hr. 
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Table 5. Comparison of coefficients obtained from the fasted 
pentobarbital anesthetized dog and those obtained 
from a combination of other sources 
Coefficients Rangea Mean of estimates by various methods 
a 0.625-0.916 0.800 0.800 0.730 
0.125-0.300 0.561 0.610 0.196 
r 3.23 -5.00 5.00 3.67 3.67 
8 2.52 -3.20 4.40 2.48 3.73 
aFrom Bolie (102). 
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Table 6. Definition of symbols of multicompartment model 
Symbol Definition Units 
G - Glucose concentration Gram/liter 
I Insulin concentration Unit/liter 
F Blood flow rate Liter/hour 
V Dilution space Liter 
M Rate of metabolism of glucose Gram/hour 
R Rate of release of insulin Unit/hour 
D Rate of destruction of insulin Unit/hour 
H Rate of storage of glucose Gram/hour 
T Time Hour 
Subscripts : 
a Relates to arterial blood 
p Relates to pancreas 
1 Relates to liver 
s Relates to splanchnic area (less pancreas 
and liver) 
b Relates to peripheral tissue (includes 
hepatic artery) 
w Relates to portal vein 
t Relates to total flow 
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Table 7. Fundamental equations of multicompartment model8-
Peripheral tissue (includes hepatic artery distribution) 
03T 1 1 1  
© ' - V - * Ï 
Pancreas 
'V \ dID R 
4)5T +  z P =  ÏT (3)  
(Ze)5% * „ - „ "p 
XF J dT 
Mr 
p- ~ T GP = °a *  ^ W 
Splanchnic tissues (less pancreas and liver) 
(VS \  dig 
y «r * -1- = V (5) 
ZVSX dGs M™ 
y m" + =3 - =a -  ^ (6) 
Liver 
ZviX dIi D 
w St- + 11 = ** • $7 (7) 
dG1 H 
(§) 5T + °i = Gw- 57 (8) 
P^artially from unpublished notes of V. W. Bolie, Iowa 
State University, Ames, Iowa. 
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Table 8. Secondary equations of multicompartment modela 
Flow in portal.vein 
pP + F s = 
F1 (9) 
FPIP 
+ Fglg - ?ilw (H) 
FPŒP + FsGs - F1GW (12) 
Total'flow 
Fi + I
I (10) 
F1G1 + FbGb - FtGa (13) 
Fill + Fb^ -b - Ft^ a (14) 
Islet function 
R = % (15) 
Liver function 
D = % (16) 
H = H° + %(Gi - Gq ) + -• I0) (17) 
Metabolism 
Mb : 
CÎ3 1 + 1
1 i) + - Il) (18) 
MS = = '«2 + Ks(Qs - G 2) + 4(1$ 
- 
Z2) (19) 
Mp : = Kp(Gp - G3) + K^(Ip - I3) (20) 
P^artially from unpublished notes of V. ¥. Bolie, Iowa 
State University, Ames, Iowa. 
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Table 9. Estimated values for various parameters of the 
multicompartment model 
Parameter Estimated value 
Vb 
1 k 
Kr 
Kn 
H° 
s? 
Mb 
G,l 
II 
Kb 
s 
si 
i 
4.50 
0.148 
0.240 
0.018 
129.0 
21.0 
20.6 
0.42 
150.0 
0 . 3  
1.5 
-7.0 
0.50 
6.3 
4.29 
o.8o 
0.16 ' 
0.095 
14.8 
0.217 
o.8o 
0.l6 
0.00483 
0.751 
0.0063 
0.80 
0.16" 
0.00014 
0.0218 
liter 
liter 
liter 
liter 
liter/hour 
liter/hour 
liter/hour 
liter/hour 
liter/hour 
(unit/hour)/(gram/liter) 
(unit/hour)/(unit/liter) 
gram/hour 
gram/liter 
(gram/hour)/(gram/liter) 
gram/hour 
gram/liter 
unit/liter 
f gram/hour)/(gram/liter) 
(gram/hour)/(unit/liter) 
gram/hour 
gram/liter 
unit/liter 
f gram/hour)/(gram/liter1 
(gram/hour)/(unit/liter) 
gram/hour 
gram/liter 
unit/liter 
f gram/hour)/(gram/liter^  
(gram/hour)/(unit/liter) 
Figure 1. Effect of glucose concentration on optical 
density in buffered and non-buffered samples 
• Buffered 
• O Non-buffered 
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Figure 2. The effect of temperature on the development of 
color using glucose oxidase method 
• Room temperature (22°c) 
O 37° 0 
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Figure 3. Relation of body weight to glucose uptake by epldidymal 
adipose tissue from 46 rats 
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Figure 4. Relation of tissue weight to glucose uptake 
by adipose tissue samples from rat A 
Figure 5. Relation of tissue weight to glucose uptake 
by adipose tissue samples from rat B 
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Figure 6. Relation of tissue weight to glucose uptake 
by adipose tissue sample from rat C 
Figure 7. Relation of tissue weight to glucose uptake 
by adipose tissue sample from rat D 
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Figure 8. Relation of tissue weight to glucose uptake 
by adipose tissue samples from rat E 
• Whole pieces 
• Cut into many smaller pieces 
Figure 9. Relation of tissue weight to glucose uptake 
by adipose tissue s-amples from rat F 
• Whole pieces 
• Cut into many smaller pieces 
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Figure 10. Re-lation of insulin concentration to glucose 
uptake by adipose tissue samples from rat G 
Figure 11. Relation of insulin concentration to glucose 
uptake by adipose tissue samples from rat H 
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Figure 12. Relation of insulin concentration to glucose 
uptake by adipose tissue samples from rat I 
Figure 13. Relation of insulin concentration to glucose 
uptake by adipose tissue samples from rat J 
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Figure 14. Relation of insulin concentration to glucose 
uptake by adipose tissue samples from rat K 
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Figure 15. Changes in mean blood glucose concentrations in 9 dogs 
during infusion of 0.05 unit/hour/kilogram of insulin . 
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Figure 16. Changes in mean blood glucose concentrations in 10 dogs 
during infusion of 0.025 unit/hour/kilogram of insulin 
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Figure 17. Changes in mean blood glucose concentrations in 11 dogs 
during Infusion of 0.5 gram/hour/kilogram of glucose 
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Figure 18. Changes in mean blood glucose concentrations in 10 dogs 
during infusion of 0.25 gram/hour/kilogram of glucose 
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Figure 19. Effect of infusion of a combination of in­
sulin (Ô.04 unit/hour/kilogram) and glucose 
(0.25 gram/hour/kilogram) on blood glucose 
concentration in dogs A and B 
Figure 20. Effect of infusion of a combination of in­
sulin (0.11 unit/hour/kilogram) and glucose 
(0. 25' gram/hour/lcilogram) on blood glucose 
concentration in dogs C and D • 
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Figure 21. Changes in blood glucose concentrations in dogs (E, F, G) 
after injection of 0.1 unit/kilogram of insulin 
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Figure 22. Changes in blood glucose concentrations in dogs (H, I, J) 
after injection of 0.10 gram/kilogram of glucose 
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Figure 23. Changes in blood glucose concentrations in dogs (IC, L, M) 
after injection of 0.25 gram/kilogram of glucose 
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Figure 24. Changes in blood glucose concentrations in dogs "(N, 0, P) 
after injection of 0.1 unit/kilogram of insulin with 
epinephrine infusion sufficient to maintain a 10 mm. 
Hg rise in blood pressure started 45 minutes after the 
injection of insulin 
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Figure 25.. Schematic diagram of circulation system for multi­
compartment model (symbols defined in table 6) 
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